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Abstract: For years, extensive efforts have been made to discover effective, non-invasive anti-
cancer therapies. Cold atmospheric plasma (CAP), is a near room temperature ionized gas 
composed of reactive species, charged particles, neutral particles, and electrons. CAP also has 
several physical factors including thermal radiation, ultraviolet (UV) radiation, and 
electromagnetic (EM) waves. Most of the previously reported biological effects of CAP have 
relied on direct contact between bulk plasma and cells, resulting in the chemical effects generally 
seen after CAP treatment. In this paper, we demonstrate that the electromagnetic emission 
produced by CAP can lead to the death of B16F10 melanoma cancer cells via a transbarrier 
contactless method. When compared with the effect of reactive species, the effect of the physical 
factors causes much greater growth inhibition. The physical-triggered growth inhibition is due to 
a new type of cell death, characterized by rapid leakage of bulk water from the cells, resulting in 
bubbles on the cell membrane, and cytoplasm shrinkage. The results of this study introduce a new 
possible mechanism of CAP induced cancer cell death and build a foundation for CAP to be used 
as a non-invasive cancer treatment in the future.  
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Introduction. 
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Skin cancer is one of the most common global malignancies. This broad category can be divided 
into melanoma and non-melanoma skin cancer. Although non-melanoma cancers such as basal 
cell carcinomas and squamous cell carcinomas are more common in the population, melanoma is 
the deadliest category of skin cancers [1–3]. Currently, there is a variety of different treatment 
options for melanoma, however, there is a constant need for more effective and non-invasive 
therapies [4–6]. 
 
CAP is a near room temperature ionized gas achieved in a non-equilibrium discharge at 
atmospheric pressure in the air mixed with inert gases such as helium and argon [7,8]. CAP is 
composed of non-equilibrium ionized particles, including neutral particles, ions, and electrons as 
well as highly reactive species and other chemical factors. The reactive species impact a variety of 
cells such as bacterial, plant, and mammalian cells in a multitude of ways [9,10]. However, a direct 
interaction of reactive species and cells is necessary for the biological and chemical effects of 
CAP. Currently, the conventional method of using CAP is based on an invasive method which 
limits its range of application. 
 
The conventional chemical CAP treatment leads to apoptosis of mammalian cells, a natural cellular 
response to an increase in reactive species intracellularly. CAP triggered apoptosis follows a 
typical apoptotic pathway with changes in cell morphology including cell shrinkage, DNA 
fragmentation, membrane budding, and formation of the final apoptotic body with membranous 
vesicles [11,12]. Although some groups have found markers of necrosis based on flow cytometry 
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data, the corresponding mechanism is not clear or well understood making it difficult to 
definitively conclude necrotic cell death.  
 
Aside from chemical factors, CAP produces three physical factors including thermal radiation, 
ultraviolet (UV) radiation, and electromagnetic (EM) waves in the range of 10-100 GHz [13,14]. 
Until now, all these physical factors have been thought to have negligible roles in cancer cell 
function and death following CAP treatment due to a lack of direct evidence of cellular responses 
to these factors [15,16]. However, the physical factors may be responsible or play important roles in 
exerting non-invasive biological effects on cancer cells during CAP treatment.  
 
In this study, we show the experimental evidence of a strong anti-cancer effect on B16F10 
melanoma cells in vitro caused by electromagnetic emission from CAP. We initially demonstrate 
that CAP treatment is able to cause a great amount of cell death through an indirect, contactless 
method across a physical barrier (> 1 mm). When cell viability is compared after conventional 
chemical treatment and this novel physical treatment, physical treatment achieves a more 
significant reduction in cell viability. A new type of cell death has also been noted in cells after 
physical CAP treatment which could be contributing to the physically triggered anti-cancer effect. 
This cell death is characterized by rapid leakage of bulk water from the cytoplasmic membrane 
which results in visible bubbling on the cellular surface. The bubbling mechanism has been 
investigated through exerting osmotic pressure using hypotonic solutions. This study builds the 
foundation to understand the roles of physical factors of CAP in cancer cell death. With this 
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knowledge, a more complete mechanism of CAP can be proposed which will allow for greater 
translational use of this novel, non-invasive anti-cancer therapy.  
 
Results 
Effects of chemical and physical CAP treatment. 
Conventionally, in vitro CAP treatment is performed by treating cells cultured in dishes or multi-
well plates where the plasma directly interacts with the medium covering the cells (Figure 1a). 
This strategy is an effective way to study the effect of reactive species on mammalian cells, 
particularly the cancer cells in this case. However, this strategy may interfere with or completely 
block the physical effect of CAP on cells due to the bulk aqueous environment. Conventional CAP 
treatment also results in both the chemical and physical factors affecting the cell making it difficult 
to unravel the effect of each factor and obtain a clear understanding of the underlying mechanism. 
To observe the purely physical effect of CAP, we used a novel technique to completely preclude 
all chemical factors. Throughout the study, physical CAP treatment was performed by inverting 
multi-well plates such as 96-well and 12-well plates and treating from the back as shown in Figure 
1b. The same protocol was done for various dish sizes ranging from 100 mm to 35 mm dishes. The 
detailed description of the protocols for both chemical and physical CAP treatment is stated in the 
Methods and Materials. Physical CAP treatment causes 2D growth inhibition which is shown on 
treated 96-well plates using 2D cell viability maps. The protocol to generate 2D cell viability maps 
is illustrated in Figure S1. In addition, we demonstrate that simply keeping the plates in an inverted 
position will not cause growth inhibition of B16F10 cells (Figure S2). 
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Figure 1. The chemically based CAP treatment and the physically based CAP treatment. (a) The 
chemical and physical factors in the CAP treatment. (b) Chemical treatment and physical 
treatment. Here, as an example, the physical CAP treatment was performed by treating the bottom 
of an inverted 96-well plate. The treated well was the well 6D on a 96-well plate. The gap between 
the CAP nozzle and the bottom of the 96-well plate was 25 mm. (c) The 2D cell viability maps of 
the chemically based CAP treatment on a 96-well plate. (d) The 2D cell viability maps of the 
physically based CAP treatment on a 96-well plate. All experimental conditions were the same in 
2 different treatment strategies. The data are presented as the mean of 4 independent experiments. 
The original data are shown in Figure S3.  
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The conventional efficacy of chemical CAP treatment is determined by the reactive species. 
Therefore, if a cell line is resistant to reactive oxygen species (ROS) or reactive nitrogen species 
(RNS), it will also be resistant to chemical CAP treatment. B16F10 melanoma cells are very 
resistant to reactive species, particularly ROS such as H2O2 
[17]. We initially compared the amount 
of growth inhibition seen following chemical CAP treatment versus physical CAP treatment. 
Compared to chemical CAP treatment, physical CAP treatment not only has a greater impact on 
growth inhibition but is also able to impact a wider area (Figure 1c and Figure 1d). Chemical CAP 
treatment only causes growth inhibition in the treated well, 6D, whereas physical CAP treatment 
noticeably inhibits the growth of melanoma cells in at least eight wells surrounding the treated 
well 6D.  
 
The CAP treatment on a 12-well plate shows a similar but more drastic difference between 
chemical CAP and physical CAP treatment. Protocols are illustrated in the Methods and Materials. 
It is found that 3 minutes of chemical CAP treatment causes very minimal growth inhibition of 
B16F10 cells. On the other hand, just 1.5 min of physical CAP treatment resulted in nearly 60% 
growth inhibition of B16F10 cells (Figure 2a, Figure 2b, and Figure 2c). The increased growth 
inhibition following physical CAP treatment is thought to be a result of a new type of cell death. 
Microscopic imagining was performed at one day and two days post-treatment and novel changes 
were seen in these physically CAP treated cells (Figure 2d and Figure 2e). These cell changes can 
be characterized by aggregation of the cytoplasm toward the nucleus and the nucleus becoming 
colorless, which can signify a loss of nuclear components. We noted that these changes remained 
for several days following the treatment. We did not witness any cell duplication, cell movement, 
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or cell to cell interaction leading us to believe that these cells were in a somewhat "fixed" state. 
We conclude that these new cellular changes are evidence of a new type of cell death, which is 
independent of chemical CAP factors and is the reason for physical CAP treatment leading to such 
strong growth inhibition on a reactive species resistant cell line B16F10. 
 
Figure 2. The drastically different cellular responses to the chemically and physically based CAP 
treatment. (a) The chemical and physical inhibition of the cell viability. The data are presented as 
the mean of 6 independent experiments. (b) The MTT assay on a 12-well plate after the chemically 
based treatment. (c) The MTT assay on a 12-well plate after the physically based treatment. (d) 
The microscopic images of the cells one day after the treatment (0.5 min ~3 min). (e) The 
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microscopic images of the cells two days after the treatment (0.5 min ~3 min). The scale bar is 50 
µm (black). For the chemical treatment, the gap between the nozzle to the cells was 37 mm. For 
the physical treatment, the gap between the nozzle to the bottom surface was 19 mm. The flow 
rate was 1.53 lpm. The microscopic imaging was performed using a Nikon TS100 inverted phase 
contrast microscope. 
 
Bubbling is an early feature of the novel cell death. 
Apoptosis is the main mechanism of cell death seen in nearly all in vitro studies, however, we have 
observed a new type of cell death with novel corresponding cellular changes. To further investigate 
the transition from a normal cellular shape to the observed "fixed" cellular shape, we started by 
observing the immediate morphological changes of B16F10 cells after physical CAP treatment. 
We did not do in-situ observation during the CAP treatment. However, we did observe the changes 
occurring in B16F10 cells immediately after a CAP treatment length of 1 min, 2 min, and 3 min. 
As shown in Figure 3a, a noticeable change in cell morphology is initially noted after a CAP 
treatment of 2 min. A significant shrinkage of the cytoplasm and a change in the nucleus can be 
observed. Several bubbles can be seen forming on the cellular membrane of CAP treated cells as 
well, some of which are as large as the cell they are originating from. When the CAP treatment 
extends to 3 min, the bubbles disappear and the nucleus adapts a checkboard color pattern, similar 
to the "fixed" cells shown in Figure 2d and Figure 2e. At this time point, the nucleus is observed 
to have more white areas compared to observations made at shorter treatment time points. 
Additionally, the black dots, which could be the nucleoli, become more apparent in treated cells 
due to the whitening of the nuclei compared to cells in the control group. The size of the nucleus 
does not show any noticeable change. This cell morphology is a typical feature of physically 
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treated cells immediately after treatment, which directly explains the “fixed” cell features observed 
1 and 2 days after CAP treatment (Figure 2d and Figure 2e). 
 
Figure 3. The quick morphological change of B16F10 cells immediately after the CAP treatment. 
(a) Imaging with a low magnification. (b) The zoomed in images for the red dotted boxes in (a). 
The blue arrows mark the bubbles on the cellular membranes. B16F10 cells were seeded with a 
density of 1 x 105 cells/mL on a 35-mm glass bottom dish and cultured for one day before the 
treatment. After the treatment, 1.5 mL medium was added in the 35-mm glass bottom dish 
immediately (<30 s). The images were taken 8 min after the treatment. (c) The growth of single 
bubbles after a 2 min of CAP treatment. For all cases, the gap between the nozzle to the bottom 
surface was 27 mm. The flow rate was 1.53 lpm. The arrows mark the growth of 7 specific bubbles 
on the cellular membrane. ‘+ x min’ means the photo was taken at x min after the CAP treatment. 
In the right most photo, the disappearance of certain cells and appearance of new cells could be 
due to the detachment and the migration of cells, respectively. The images were taken by a Nikon 
TS100 inverted phase contrast microscope.  
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The bubbling on the cell membrane is the most noticeable feature of the physical effect on B16F10 
cells. Typical bubbling seen in B16F10 cells is presented in Figure S4. We performed a continuous 
observation of the bubbling over a while after physical CAP treatment. To observe clear bubble 
growth on a single cell, the seeding cell density should be relatively low (4 x 104 cells/mL). The 
cells were seeded in 35 mm glass-bottom dishes and cultured for one day before treatment. The 
growth of a bubble typically takes 8-11 min after CAP treatment (Figure 3b). As the bubbles grow 
larger, the inner composition of the bubbles becomes lighter and more transparent. This could 
suggest a slow dilution of the internal components as the bubble expands. No further 
morphological change is seen in the shrunken cells, other than what has been described previously, 
during this process or at the time when the bubbles reach their maximum sizes. Therefore, bubbling 
appears to be a process that occurs after the aggregation of the cytoplasm. The bubbles disappear 
from the membrane either by detachment or another mechanism approximately 90 minutes after 
CAP treatment. In Figure 3b, the debris of two bubbles can be seen remaining on two cells at the 
90-minute after the treatment. As shown in Figure S5, we also observed the whole 30 min of 
evolution of the CAP-treated B16F10 cells with a higher density (1 x 105 cells/mL). There is no 
further morphological change of the shrunken cells during the whole observation period. Many 
small, detached bubbles are found in the extracellular space in Figure S5, which is the evidence 
supporting the final detachment mechanism of the bubbles.   
 
The phase-contrast imaging solely provides evidence of the morphological changes of cells. To 
investigate changes occurring at the cellular chemistry level, we performed live-cell fluorescent 
imaging. The detailed protocol is listed in Methods and Materials. Microtubules and DNA were 
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stained using BioTracker 488 Green Microtubule Cytoskeleton Dye (Sigma-Aldrich) and Hoechst 
33342 (ThermoFisher Scientific), respectively. The stained B16F10 cells were incubated for 15 
minutes inside the CO2 incubator. Then the B16F10 underwent 4 minutes of physical CAP 
treatment, centered on the bottom of the dish. The gap between the nozzle to the bottom surface 
was 27 mm and the flow rate was 1.53 lpm. After treatment, the dish was immediately placed 
upright and replenished with fresh RPMI-1640 media for confocal imaging. The staining was 
visualized and imaged with a Carl Zeiss 710 spectral confocal microscope. Due to the operation 
of the imaging process, the first image was captured at 20 min after CAP treatment. Therefore, we 
were unable to capture the immediate changes occurring in the cells before the 20-min time mark. 
However, as we demonstrated above, the basic features of bubbling and the cytosol shrinkage will 
not change since the 8th min after the treatment.  
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Figure 4. The live fluorescent imaging for the cellular change at 20 min after the physically based 
CAP treatment. (a) The control before the treatment. (b) 20 min after the treatment.  (c) The 
zoomed in photo of the control. (d) The zoomed in photo shows the formation of bubbles on the 
cellular membrane. The growth of the small bubbles is illustrated in video 1. (e) The zoomed in 
photo of the bubbles sounding the CAP-treated cells. The microtubules and DNA (nucleus) are 
shown in green and blue, respectively. The scale bars are 40 µm (red) and 20 µm (yellow). All 
images were processed using ImageJ software. 
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The live fluorescent imaging confirms that the initial feature of the novel cell death is characterized 
by the formation of bubbles on the cellular membrane (Figure 4a and Figure 4b). The light green 
surface of the bubbles is most likely due to the reflection of green fluorescence on the interface of 
the bubbles. The lack of fluorescence within the bubbles suggests that there may be an absence of 
organelles in the bubbles (Figure 4c and Figure 4d). Thus, we propose that the bubbling is due to 
the leakage of water or cellular solution outside the cell membrane. The bubbles range in size from 
being as large at the nucleus to being as large as the entire cell itself (Figure 4c and Figure 4d). A 
“grape-like” aggregation of bubbles can be seen in Figure 4c and Figure 4d. It is believed that this 
aggregation pattern is due to the formation of new, smaller bubbles near or in the already formed 
larger bubbles. We also captured the dynamics of bubble growth on the cell membrane (video 1 
and 2). In these two videos, the formation of new bubbles initiates from a single site on the cell 
membrane, potentially where a membrane pore or channel is present. Another clear feature is the 
change in the cytoskeletal structure. Filamentous microtubules are observed throughout the control 
cell (Figure 4c), but these filamentous features are lost in the CAP treated cells. The cytoskeleton 
shrinks and aggregates around the nucleus after CAP treatment (Figure 4d and Figure 4e). The 
clear staining of the nucleus suggests that DNA may not suffer noticeable damage immediately 
after CAP treatment. 
 
The evolution of the treated cells was further investigated on a longer time scale. During this longer 
observation period, a gradual loss of DNA in the nucleus was seen. The rest of the cell appears to 
maintain its “fixed” state as seen in Figure 2d and Figure 2e without any further changes during 
the long period. The bubbles cannot be seen on the cells two hours after CAP treatment (Figure 
5a) which is consistent with the results seen with phase contrast imagining shown in Figure 2 and 
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Figure 3b. The nucleus of treated cells does expand when compared to the control during the initial 
two hours (Figure 5b). However, at the two-hour time mark, the nucleus appears to reach a 
maximum size and experiences a slight decrease in size after that. The blue DNA staining in the 
nucleus is seen one day after treatment (Figure 5c and Figure 5d), however, it becomes very weak 
two days after treatment. There is no obvious blue staining of DNA in the nucleus on the third day 
after CAP treatment, suggesting a total loss of DNA in the nucleus at that time point. The green 
microtubule staining also gradually weakens by the second day after treatment. 5 days after 
physical CAP treatment, the final appearance of B16F10 cells resembles an empty, circular shell 
composed of microtubules and other potential cytoskeletal and related cytosolic components not 
stained for in this study (Figure 5d). This matches well with the basic feature of the ‘fixed’ cells 
seen in Figure 2d and Figure 2e. After the loss of all DNA, the cells were determined to be dead 
and by the sixth day after CAP treatment, we were unable to find any remnants of the cells or any 
evidence of green microtubule staining. These cell death features are vastly different from the 
typical apoptotic cell death features observed in previous studies and have not been previously 
reported in studies of the effect of CAP treatment on cells.  
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Figure 5. The fluorescent imaging of the physically based CAP-treated B16F10 cells over a long 
timescale. (a) The control before the treatment and the treated cells were observed 20 min, 2 hr, 4 
hr, and 6 hr after the treatment. (b) The zoomed in photos. (c) The CAP-treated cells were observed 
1 day, 2 days, 3 days, 4 days, and 5 days after the treatment. (d) The zoomed in photos. The 
microtubules and DNA (nucleus) are shown in green and blue, respectively. The gap between the 
nozzle to the bottom surface was 27 mm. The flow rate was 1.53 lpm. The scale bars are 40 µm 
(red) and 20 µm (yellow). All images were processed using ImageJ software.  
 
The bubbling may be due to changes in osmotic pressure intracellularly. According to the common 
understanding of bubbling on the cell membrane, the positive intracellular osmotic pressure across 
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the cell membrane should play an important role in regulating the bubbling effect. Such a change 
in osmotic pressure is mainly due to chemical factors such as the presence of a hypertonic or 
hypotonic solution in the extracellular chemical environment. In our study, physical treatment is 
not likely to change the extracellular environment. Our findings may be due to the aggregation of 
the cytoplasm which creates intracellular pressure which in turn can trigger the release of water or 
cytosolic solution across the cell membrane. Physical CAP treatment may also inflict physical 
damage on the cell resulting in the formation of pores on the cell membrane through which water 
or cytosolic solution can be released to form the bubbles.  
 
Deionized (DI) water is a hypotonic solution that causes the flow of water into cells and can 
therefore potentially counteract the intracellular osmotic pressure and inhibit bubbling. According 
to this rationale, we prepared a series of RPMI/Milli-Q water (DI water) mixed solutions to 
investigate the bubbling mechanism. After 3 min of physical CAP treatment, B16F10 cells were 
immediately turned upright and replenished with different RPMI/Milli-Q mixed solutions. As 
shown in Figure 6, the density of bubbles forming from the treated cells decreases as the volume 
ratio of Milli-Q water increases. When the treated cells are immersed in 10 mL of Milli-Q water 
the bubbling is completely inhibited. Due to the influx of extracellular water into the cells, the 
CAP treated cells also expand in the Milli-Q water. In short, we conclude that the bubbling could 
be due to the intracellular osmotic pressure resulting from physical CAP treatment, however, the 
mechanism is still unknown.  
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Figure 6. The hypotonic solutions can inhibit the bubbling on the physically treated melanoma 
cells. 10 mL cell solution was cultured in 100 mm dish with a density of 7.5 x 104 cells/mL. for 
one day before the treatment.  In each case, the CAP treatment lasted 3 min. After that, the cells 
were immediately (<30 s) immersed in the 100 mL of RPMI1640/Milli-Q water mixed solutions. 
The volume ratio % (v/v) of RPMI in the solutions was 100%, 30%, 20%, 10%, and 0%, 
respectively. ‘+ x min’ means the photo was taken x min after the CAP treatment. Because the 
initial bubbles were not clear, only the bubbles after a 11 min of growth were marked by yellow 
arrows. The scale bar was 50 µm (black). The photos of control and the experimental group were 
taken at different places on the dish. The photos of the experimental were taken in situ. The photo 
of CAP jet in the treatment was show in Figure S6.  
 
Bubbling occurs even there is an air gap between the jet and the target. 
In all of the cases presented above, the CAP jet was directly touching the bottom of the 96 well 
plates, 12-well plates, 35 mm culture dishes, or 100 mm culture dishes. As emphasized previously, 
19 
 
this treatment method does not involve direct contact of CAP with the cells or the cell medium. 
Here we demonstrate that the CAP jet doesn’t have to directly touch the back of the culture dish 
to cause the effects and cell death seen after physical CAP treatment. We investigated the bubbling 
triggered after physical CAP treatment at different distances of the nozzle of the CAP source to 
the back surface of dish. Some of our conditions in this experiment created a gap between the tip 
of jet and the back surface of the dish as seen in Figure 7. The bubbling will not occur if the gap 
is too small or too large. Even when the CAP jet noticeable touches the back surface of dish, the 
physical effect will not cause a cellular change. A large distance between the CAP jet and the back 
surface of the plate of the dish will also not cause the physical effects seen previously. A gap with 
a distance between 27.0 mm, where the CAP jet is slightly touching the back surface, and 30.0 
mm, where there is a small air gap between the tip of jet and the surface, will also trigger bubbling. 
In the case of a gap of 30.0mm, the distance between the tip of jet and back surface is established 
at 8.2 mm in the image. The corresponding distances for cases of a gap of 33.5 mm and a gap of 
39.5 mm are 8.3 mm and 9.5 mm respectively. Therefore, there is a significant change in the 
physical effect on B16F10 cells when the distance between the tip of jet and the back surface is 
larger than 8.2 mm.  
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Figure 7. The bubbling only occurs when the CAP source and the bottom surface of an inverted 
dish has a moderate gap. Neither too small nor too long gap will trigger the bubbling. 10 mL cell 
solution was cultured in 100 mm dish with a density of 7.5 x 104 cells/mL. for one day before the 
treatment. The 100 mm dish was inverted during the treatment. The gap varied from 14.5 mm to 
39.5 mm. The flow rate was 1.53 lpm for all cases. After the treatment, the cells were immediately 
(<30 s) immersed in 10 mL of RPMI for the microscopic imaging. Because the initial bubbles were 
not clear, only the bubbles after a 11 min of growth were marked by yellow arrows. The scale bar 
was 50 µm (black). The photos of control and the experimental group were taken at different places 
on the dish. The photos of the experimental were taken in situ. ‘+ x min’ means the photo was 
taken at x min after the CAP treatment. 
 
The physical factors to cause cell death.  
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To understand the specific role of individual physical factors, we began by analyzing the 
temperature component of the CAP. We first measured the temperature of the bottom of a 35mm 
glass bottom dish after 2 min of CAP treatment. The maximum temperature of the CAP-treated 
area was 38.5°C ± 0.4°C (Figure S7). To investigate this heating effect, B16F10 cells in a 35-mm 
glass-bottom dish were partially immersed in a water bath for 2 min so that the bottom of the dish 
was immersed in water with a temperature of 41°C ~ 43°C. The experimental protocols are 
illustrated in Figure S8. To simulate physical CAP treatment, the media was removed before the 
heating experiment. This water bath experiment did not cause any change in cell morphology when 
compared to the control group. In contrast, 2 min of physical CAP treatment causes the drastic cell 
morphology changes and cell death of B16F10 cells described earlier (Figure S8). Therefore, the 
heating effect alone does not cause the anti-cancer effect seen after the physical CAP treatment.  
 
We further investigated the roles of UV radiation and EM waves emitted during physical CAP 
treatment. A UV reflection film was used to block the UV radiation generated by the CAP jet. The 
UV reflection film was purchased from VWR (Adhesive White Light-Reflecting Films, 89087-
696). The characterization of the UV reflection film was shown in Figure S9. The UV reflection 
film has an excellent attenuation of the UV between 191 nm and 400 nm. The film was attached 
to the bottom surface of 96-well plates, centered on well 6D (Figure 8a). The film was removed 
after treatment. Two sizes of the UV film were used (5 x 5 wells, 10 x 6 wells), which covered 5 
x 5 wells and 10 x 6 wells on the bottom of the 96-well plate, respectively. Similarly, to investigate 
the EM effect, we used a copper sheet as an EM wave blocker with two sizes (5 x 5 wells, 10 x 6 
wells). The copper sheets were purchased from McMaster-CARR (9709k704). The copper sheet 
was set between the CAP jet and the bottom of the 96-well plate during the treatment (Figure 8b). 
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The sheet was also centered at the well 6D. It is found that 8 minutes of CAP treatment still causes 
strong growth inhibition even in the presence of a UV reflection film, regardless of size (Figure 8c 
and Figure 8e). Unlike the UV reflection films, the 5 x 5 well size copper sheet nearly eliminates 
the typical 2D cell viability map seen after treatment (Figure 8d) and the larger 10 x 6 well sheet 
is able to completely counteract the anti-melanoma effect (Figure 8f). This data led us to theorize 
that the EM waves produced by the CAP jet play an important role in causing the anti-melanoma 
effect seen after physical CAP treatment. This conclusion also supports the phenomenon that 
bubbling will still exist even if the tip of the CAP jet doesn’t directly touch the back surface of 
dish (Figure 7).  
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Figure 8. The physically based anti-melanoma effects can only be blocked by a copper sheet, rather 
than by a UV reflection film. The photos of the physically based CAP treatments on the bottom of 
96-well plates covered by UV reflection and copper sheet are shown in a and b, respectively. Here, 
we just use the UV reflection film or the copper sheet with a size of 5 x 5 wells size as an example. 
The corresponding 2D cell viability is shown in c to f. The original data were shown in Figure 
S10. The treatment was 8 minutes. The initial cell density was 6 x 104 cells/mL. The cancer cells 
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were cultured one day before the final MTT assay. The gap between the nozzle to the bottom 
surface was 25 mm. The treatment has been independently repeated for 4 times.  
 
Though the chemical components of CAP have been extensively studied over the past decade using 
optical emission spectrum (OES) and laser-induced fluorescence, the EM wave generation in the 
Radio Frequency (RF) range by CAP is unknown. A heterodyne setup was designed to measure 
the RF emission from the CAP jet (Figure 9a). The description of the RF spectrum measurement 
is illustrated in Methods and Material. Figure 9b shows the RF emission spectra of the CAP jet 
under different discharge voltages (pk-pk). The spectrum has 4 peaks. For the peaks at around 10 
GHz and 14.5 GHz, a higher discharge voltage leads to a lower power density. However, for the 
two peaks at a higher frequency, increasing the discharge voltage may first increase the power and 
subsequently decrease it. The power density reaches its maximum value when the discharge 
voltage is around 8 kV (pk-pk). Besides, for some power density peaks, the frequency shifts can 
also be observed on the spectrum. This is the first demonstration of the RF range EM waves 
generated by the CAP jet.  This measurement supports the conclusion that the EM waves generated 
by CAP can trigger the physically based cell death.  
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Figure 9. The EM emission of CAP jet under the different discharge voltages (pk-pk). (a) The 
heterodyne setup for RF power spectrum measurement. (b) The RF spectra of CAP jet over 8-32 
GHz. 
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The key role of the medium in the direct CAP treatment in vitro.  
Over the past decade, the main focus in plasma medicine has been on the dominant role of reactive 
species in the CAP-cells interaction, particularly the cytotoxicity of CAP on mammalian cells such 
as cancer cells [18]. In this study, we demonstrated an even stronger anti-cancer effect can be 
achieved by the physical factors of CAP. We theorize that these effects have not been seen because 
nearly all prior in vitro studies had a medium layer covering the cells. We believe that EM waves 
generated by CAP treatment can be absorbed by bulk aqueous solution, therefore, only the 
chemical effect of CAP was seen in the in vitro studies done previously. The biological effects 
seen after physical CAP treatment should be observed when treatment is done on the back surface 
of the dish or on the cell directly without the media coverage.  
 
To test this hypothesis, we performed a direct CAP treatment on cells without the coverage by the 
medium as well as a treatment on cells with the varying volume of medium coverage (Figure 10). 
It is found that direct CAP treatment on exposed B16F10 cells (no medium coverage) resulted in 
shrinkage of the cytoplasm and bubbling from the cell membrane. The 10 mL and 20 mL of the 
medium layer in 100 mm dish had a thickness of 1.3 mm and 2.6 mm, respectively. In both cases, 
10 mL and 20 mL, the physical effects of CAP were not observed. In other words, just a medium 
layer 1.3 mm can block the EM waves generated from CAP in vitro. This may be the reason that 
all previous studies could not find evidence of a physical effect if following standard in vitro 
culture conditions. Even the similar cell death has been observed before, it is difficult to investigate 
the underlying mechanism due to the complex nature of the direct interaction between the CAP jet 
and the cells.  
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Figure 10. A layer of medium can completely block the physically triggered bubbling. 10 mL cell 
solution was cultured in 100 mm dish with a density of 7.5 x 104 cells/mL for one day before the 
treatment. The flow rate was 1.53 lpm. The gap between the nozzle to the cells was 19 mm. 
Different from above cases, the CAP treatment at here was performed by directly touching the 
melanoma cells without or with a layer of medium with different volumes (10 mL and 20 mL). 
After the treatment, the cells were immediately (< 30 s) immersed in 10 mL of RPMI for the 
microscopic imaging. Because the initial bubbles were not clear, only the bubbles after a 11 min 
of growth were marked by yellow arrows. The scale bar was 50 µm (black). The photos of control 
and the experimental group were taken at different places on the dish. The photos of the 
experimental were taken in situ. ‘+ x min’ means the photo was taken at x min after the CAP 
treatment. 
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We further investigated whether the bubbling could be inhibited by exposure to various hypotonic 
solutions after direct CAP treatment on the cells without a medium coverage. Similar to the trend 
shown in Fig. 6, we found an increase in the volume ratio of Milli-Q water gradually inhibited 
bubble production and the bubble growth are completely inhibited in solely Milli-Q solution 
(Figure 11). These results indicate that the physical effect of the CAP jet will impact cancer cells 
in the same way regardless of treatment from the back of a plate or dish or a direct treatment of 
cells without the medium coverage. We conclude that medium blocks physically based 
cytotoxicity, therefore, only the chemical factors will play an anti-cancer role in this case as was 
found in prior studies.  
 
Figure 11. The hypotonic solution can inhibit the bubbling on the direct CAP treatment on 
melanoma cells without the coverage of a medium layer. A 3 min of CAP treatment was performed 
on the cells without the coverage of a medium layer. The treated cells were immediately (< 30 s) 
immersed in 10 mL of RPMI/Milli-Q water mixed solutions. The volume ratio % (v/v) of RPMI 
in the solutions was 100%, 80%, 60%, 40%, 20%, and 0%, respectively. The seeding cell density 
was 7.5 x 104 cells/mL. 10 mL cell solution was cultured in 100 mm dish for one day before the 
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treatment. The flow rate was 1.53 lpm. The gap between the nozzle to the cells was 19 mm. 
Because the initial bubbles were not clear, only the bubbles after a 11 min of growth were marked 
by yellow arrows. The scale bar was 50 µm (black). The photos of control and the experimental 
group were taken at different places on the dish. The photos of the experimental were taken in situ. 
‘+ x min’ means the photo was taken at x min after the CAP treatment.  
 
Discussion 
This study is unique because it focused on the physical factors and physical effect of CAP rather 
than on the previously studied chemical effect and CAP-originated reactive species. This physical 
factor-based CAP treatment may clarify many of the puzzles in plasma medicine which cannot be 
explained by the reactive species-based perspective. As illustrated in this study, reactive species 
are not necessary to achieve a strong anti-cancer effect after CAP treatment. Additionally, the bulk 
aqueous environment is not a prerequisite for CAP treatment to be effective. It is also known that 
B16F10 cells are much more sensitive to EM waves than reactive species. In our experiments, we 
found that physical CAP treatment could affect a larger area of cells compared to chemical CAP 
treatment. Thus, we provide a solution to overcome the natural limitation of traditional CAP 
treatment based on the reactive species.  
 
Physical CAP treatment causes a new type of cell death characterized by bulk leakage of water out 
of the cell and cytosol aggregation (Figure 12). These changes are seen just a couple of minutes 
after treatment, a much faster process than the typical apoptosis pathway. The bubbling may be 
due to the formation of hole on the cytoplasmic membrane, which has not been confirmed, by can 
be speculated from the observation of growth of new bubbles (video 1 and video 2). The long-term 
30 
 
changes seen in the cells after physical CAP treatment is also unique. The cells gradually lose 
DNA from the nucleus over the course of one to two days after treatment. The aggregated 
cytoskeleton stays intact for 3-5 days after treatment, which may finally form an empty shell. We 
called such an empty shell as the ‘fixed’ cells after the treatment. These features are very different 
from apoptotic features and have never been reported before.  
 
Figure 12. The schematic illustration of the whole process of physically triggered cell death. The 
cell death has main four stages: cytosol aggregation, bubbling, detachment of bubbles, as well as 
the post-bubbling events. The first two stages are quick cellular response, totally lasting around 10 
min. The detachment of bubbles may last more than 1 -2 hr. In contrast, the post-bubbling events 
may last days. The bubbling may be a process that the cells drastically lose it water components. 
The main cytosol shape will not change after the first stage, which gives the cells an appearance 
as have been ‘fixed’ after the treatment. Such a ‘fix shape’ will be kept over days until the final 
cell death or detachment.  
 
Physical CAP treatment builds a connection between in vitro and in vivo experiments. Previous 
studies have concluded that apoptosis is the main form of cell death following chemical CAP 
treatment. The apoptosis will not trigger an immune or inflammation response in vitro, however, 
several in vivo animal studies found a noticeable immune response during the CAP treatment [19–
22]. The conventional reactive species-based plasma medicine perspective cannot explain this 
immunologic dilemma. However, this newly discovered cell death, a clear necrosis involving bulk 
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leakage of water or cellular solutions will likely trigger an immune response in vivo if the same 
changes that occur in vitro are seen during in vivo studies.  
 
The transdermal diffusion of transportation is necessary for the explanation of the in vivo anti-
cancer effect of the reactive species-based CAP treatment [23,24]. However, there is no obvious 
evidence so far indicating the existence of a strong transdermal diffusion of ROS, particularly 
H2O2, an important anti-cancer reactive species in vitro 
[25]. As demonstrated in this study, the 
physical effect can penetrate a dielectric material with a thickness of 1.3 mm, which is close to the 
thickness of human skin. Our observations suggest that it may not be necessary to assume that 
transdermal diffusion of reactive species exists when CAP treatment is performed above animal 
skin. 
 
The underlying mechanism of the physical anti-melanoma effect is still unknown. Based on the 
microscopic observation, the aggregation may trigger the bubbling by forming an intracellular 
osmotic pressure. And, the holes may form on the cellular membrane to facilitate the bubbling. 
The connection between the EM wave and the cytosol aggregation is also unknown. The reason to 
cause the ‘fixed’ shape of cells after the treatment is also unknown. At this time, we just discuss 
possible biological effect of the EM wave based on previous references. In the past, the interaction 
of mm-wavelength EM with living cells was considered extensively. The importance of this 
interaction stems from the fact that biological species on Earth are not very well accustomed to 
this type of interaction. This idea was proposed by Devyatkov who believed that living organisms 
on Earth are not well adapted to this type of radiation because under natural conditions it is 
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practically absent due to strong absorption by the Earth’s atmosphere [26]. This is due to the fact 
that mm-wavelength is absorbed by water molecules in rotational mode. Several important 
discoveries were reported such as the dependence of  EM action on cells on frequency when 
various microorganisms are irradiated by mm-waves [27]. Besides, in vivo studies were performed 
to evaluate the effect of mm-wave on tumors and the growth of cells damaged by the ionizing 
radiation [28]. To that end, the isolated cells damaged by ionizing radiation were consequently 
irradiated with EM waves at frequencies of 54-76 GHz and power density of 10-16-10-14 W/cm2 for 
seven minutes [28]. The effect of mm-waves at frequencies of 35.9-55.1 GHz on the growth of 
implanted tumors (such as carcinomas) in mice and rats has been studied [28]. The power was 
applied via acupuncture points. These experiments showed that mm-waves at non-thermal 
intensities act to normalize the growth of cells damaged by the ionizing radiation, and in their 
action on biologically active zones in animals they have an immunomodulating effect. The CAP 
jet generates EM waves having a similar frequency as shown in Figure 9, which is likely causing 
the observed cell death.   
 
Conclusion 
The physical factors of CAP treatment show strong growth inhibition on B16F10 cells, a typical 
melanoma cell line. Compared to traditional chemical CAP treatment, physical CAP treatment 
shows a much stronger growth inhibition on melanoma cells in vitro. The electromagnetic waves 
emitted from the CAP jet could cause cell death through a physical barrier (~1 mm) without 
contacting the cells as well as through direct contact with cells not covered by medium. Cell death 
following physical CAP treatment is characterized by rapid bulk leakage of water through the cell 
membrane accompanied by the cytosol aggregation. The bubbling seen on the cell membrane is a 
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typical feature of necrotic cell death. The bubbling may be triggered by the physically triggered 
osmotic pressure, which can be inhibited in the hypotonic solutions. This study builds the 
foundation for using CAP as a non-invasive anti-cancer therapy and possibly applying CAP 
treatment in various other branches of medicine.  
 
Methods and Materials 
 
CAP jet. 
The CAP jet was designed and assembled at Keidar’s lab at the George Washington University. 
The detailed introduction can be found in previous publications [17,29]. Briefly, the CAP jet was 
formed through the discharge (3.15 kV, peak value) between a copper ring grounded cathode and 
a central stainless anode. The ionized gas was flowed out by helium guided in a glass tube with a 
diameter of 4.5 mm. The maximum tip temperature of the CAP jet during the treatment was around 
40°C.  
 
Cell culture.  
B16F10 cells were donated by Prof. Eduardo Sotomayor at the George Washington University. 
The cell culture medium was composed of RPMI-1640 (ATCC 30-2001) supplemented with 10% 
fetal bovine serum (Atlanta Biologicals, S11150) and 1% (v/v) penicillin and streptomycin 
solution (Life Technologies, 15140122). For the CAP treatment performed on 96-well plate, 
B16F10 cells were seeded (100 μL/well) in a 96-well plate with a density of 6 x 104 cells/mL. For 
the CAP treatment performed on a 12-well plate, B16F10 cells were seeded (1 mL/well) in a 12-
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well plate with a density of 5 x 104 cells/mL. All cells were cultured 24 hr under the standard 
culture condition (a humidified, 37°C, 5% CO2 environment) before the experiments.  
 
Chemically based and physically-based CAP treatment.  
For the cases using a 96-well plate, to perform the chemically based CAP treatment, the medium 
used in the previous culture for 24 hr was removed first. Then, 100 μL/well of fresh RMPI-1640 
medium was added to cover all 10 x 6 wells in the middle of 96-well plate. The chemically-based 
CAP treatment (1 min, 4 min, or 8 min) was performed after this step. After the treatment, the 
cancer cells were cultured for two days before the cell viability assay. To perform the physical 
CAP treatment, the medium used in the previous culture for 24 hr was also removed first. Due to 
the surface tension and the adhesion of water, there was a thin water layer in each well, particularly 
at the junction between the wall and the bottom in a well. Though there was no bulk medium left 
to cover the cells during the treatment, the cell viability of cancer cells did not decrease (Figure 
S2). After the treatment, 100 μL/well RMPI-1640 was added to culture the cells in the middle 10 
x 6 wells. The treated cells were cultured two days before the cell viability assay. 
 
For the cases using a 12-well plate, the general strategy to perform the chemical and the physical 
treatment were unchanged. A single chemical treatment was performed in a single well with a 1 
mL of RPMI-1640 medium. A single physical treatment was performed on the back of a single 
well without medium coverage. After the treatment, 1 mL/well RMPI-1640 was added to culture 
the cells for 3 days before the cell viability assay. The wells on the 12-well plate were much larger 
than those of 96-well plates. The treatment on a single well only affected the treated well. Thus, 
35 
 
for the 12-well plate case, we just used the traditional single well's cell viability to describe the 
physically-based anti-melanoma effect.   
 
Cell viability assay. 
The cell viability assay was performed using MTT assay according to the protocols provided by 
the manufacturer (Sigma-Aldrich, M2128). The absorbance at 570 nm was read using an H1 
microplate reader (Hybrid Technology). For the 96-well plate, because the whole middle 10 x 6 
wells on each plate were used to qualify the anti-cancer effect in each case, we used 2D cell 
viability map to quantify the anti-melanoma effect. This is a novel strategy to show the cell 
viability, the detailed protocols were illustrated in Figure S1. The 2D cell viability map shows all 
the cell viability data of 10 x 6 wells simultaneously. For the 12-well plate, the relative cell viability 
was obtained by the division between the experimental group and the control. 
 
Live cell fluorescent imaging. 
We seeded 600 μL B16F10 cells (3 x 103 cells/mL) on the 35 mm confocal observation glass-
bottom dish and cultured two days before the treatment. After a proper adherence of cells, the 
morphological changes in the live melanoma cells were assessed by staining microtubule 
(BioTracker 488 Green Microtubule Cytoskeleton Dye, Sigma-Aldrich) and DNA (Hoechst 33342 
Staining Dye Solution, ThermoFisher Scientific). B16F10 cells were stained with both dyes after 
an overnight culture incubation. The dye working concentration for the microtubule staining was 
1 l in 1mL (0.1%) and the DNA staining was 1 g/mL in RPMI-1640 media. The cells were 
incubated for 15 min inside the CO2 incubator before the CAP treatment.  
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RF spectrum measurement.  
The RF emission containing multiple frequency components was collected by a WR75 horn 
antenna which works for 10+ GHz microwave. The frequency mixer shifted the signal to a lower 
frequency range based on the local oscillator (LO) signal, which was provided by a microwave 
generator. Since the LO was a frequency sweeping signal from 8 to 32 GHz, the resulting output 
intermediate frequency (IF) signal was the same spectrum of RF but keeping a downward 
frequency shifting. The IF then passed through a 0.9-1 GHz band-pass filter. The microwave power 
meter thus integrated the total power through the filter window. Since the IF kept shifting, a full 
picture of emission power was obtained. The microwave power meter provided the power as a 
function of time, while the microwave generator reported the frequency shift as a function of time. 
A power spectrum was finally obtained.  
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